The complexity of triacylglycerols (TAGs) in edible oils is largely due to the many similar unsaturated TAG compounds, which makes profiling TAGs difficult. In this study, precolumn derivatization with bromine (Br2) was used to improve the separation and detection sensitivity of TAGs in edible oils by RP-HPLC. Oil samples dissolved in n-hexane and TAGs were derived by reaction with a Br2-CCl4 (1:1, v/v) solution for 3 h at room temperature. The derivate product solution was stable and was best separated and detected by RP-HPLC using a C18 column, with a mobile phase of methanol-n-hexane (91.5:8.5, v/v) at 25 C. A detection wavelength of 230 nm was used. The results showed that the approach enabled the separation and detection of more similar TAGs by RP-HPLC. The method was applied to profile 20 types of edible oil, and the results presented the differences in the TAG profiles of various edible oils, which may be useful in the identification of edible oils.
Introduction
Edible oils play an important role in the human diet and are one of the three essential sources of energy for the body. Adulteration of edible oils is an important topic from the perspective of commerce and human health due to public demand for food safety and nutritional benefits. The main chemical components of edible oils are triacylglycerols (TAGs), diacylglycerols, free fatty acids, sterols, tocopherols, and some volatile substances. TAGs are the main components of edible oils and, account for 95 -98% of their components. Therefore, although arduous, the profiling of TAGs in edible oils is an important task. 1, 2 Many methods have successfully been applied for the quantitative and qualitative analysis of edible oils, such as highperformance liquid chromatography (HPLC), high-temperature gas chromatography, supercritical fluid chromatography, carbon isotope ratio analysis, mass spectrometry (MS), nuclear magnetic resonance (NMR), near-infrared spectroscopy, Fourier transform infrared spectroscopy, and Fourier transform Raman spectroscopy. For the characterization of TAGs, HPLC is a powerful separation technique due to its good repeatability, high resolution, and ability to be coupled with a variety of detectors in the analysis of TAGs. 2 Traditionally, the HPLC analysis of TAGs has mainly been accomplished by selecting different separation modes and different detectors. 3 Since the 1970s, certain separation techniques have been most frequently used to separate TAGs. Because aqueous mobile phases often lead to poor resolution and poor peak shape due to the lipophilicity and hydrophobicity of TAGs, nonaqueous mobile phase (NARP)-HPLC is extensively used. 4 It separates TAGs on the basis of equivalent carbon numbers (ECNs), which are defined as the total numbers of carbons in the acyl chains minus two times the number of double bonds (DBs) present in the three fatty acids, i.e., ECN = CN -2DB. 1, [5] [6] [7] [8] [9] [10] [11] [12] The retention of TAGs increases with increasing ECN; unfortunately, it is not convenient for the separation of TAGs with the same ECN and TAG regioisomers, whose separation can only be completed with multiple-column coupling, which results in extremely long retention times up to 200 min as well as peak broadening. [13] [14] [15] [16] [17] Moreover, in this separation mode, the compositions of the stationary phase and mobile phase greatly affect the separation of TAG isomers. 16 Another alternative separation mode frequently employed in TAG analysis is silver ion (Ag)-HPLC, [18] [19] [20] where the separation is based on specific silver ion/double bond interactions, and the retention of TAGs increases with the number of double bonds. Many factors affect the retention pattern of TAGs in Ag-HPLC, such as the silver ion column, the mobile phase, and temperature. 21, 22 However, TAGs with the same number of DBs cannot be completely separated with this mode, even though multiple chromatographic columns are connected in series. 23 In the past two decades, two-dimensional (2D)-HPLC was developed due to the need for better separation. Compared with one-dimensional HPLC, 2D-HPLC achieves better resolution and higher peak capacity by connecting two column with different separation mechanisms. Compared with the off-line system, 24-26 the on-line system offers better reproducibility in a shorter analytical time; however, the system requires specific interfaces. Two-dimensional HPLC is not easy to perform because of the solvent compatibility issues of its on-line system. [27] [28] [29] Recently, a new type of single-column mixed-mode chromatography with a retention mechanism that combines a reversed-phase mechanism with π-π interaction has been used to separate TAGs because of its selectivity and simplification over single-mode chromatography. [30] [31] [32] In addition to the many modes of separation introduced above, chiral HPLC has been used in the direct optical resolution of asymmetric TAGs since its presentation by Iwasaki et al. 33 in 2001. Subsequently, Lísa et al. 34 introduced chiral HPLC to systematically characterize TAG enantiomers in real samples. Kalpio et al. 35 also built a circulation system with two chiral columns to separate TAG enantiomers.
Different detectors have been studied for use in the detection of TAGs. The refractive index detector (RID) is sensitive to changes in temperature and mobile phase composition, which precludes its application for gradient elution. 4, 10 The evaporative light scattering detector (ELSD) is also used in TAG detection, but it cannot be used for quantitative analysis due to its nonlinear response. Compared with the ELSD, a UV detector cannot only provide a linear response but is also compatible with ultrafast separation. 8, 12, 27, 36 The UV absorbance of TAGs is weak, which influences its UV detection in HPLC, even though it is better than RID. MS detectors are also widely used, due to their high sensitivity, stability, reproducibility, and ability to make identifications without the need for a standard. 6, 7, 11, 13 In addition, infrared and charged aerosol detectors also have also been used to detect TAG by HPLC. 3, 9 Saponification hydrolysis is generally the first choice for TAG analysis; however, its operation is complex and it cannot determine TAG positional isomers. 19, 36, 37 For chemistry involving C=C bonds, several reactions such as ozonolysis, methoxylation, olefin cross-metathesis, methylthiolation, epoxidation, and Paternò-Büchi reactions have been utilized. However, they are mainly used in MS analysis, and the reaction requires special conditions, such as UV light and other requirements. 38 Thus, it is still necessary to develop a simple method for good TAG resolution.
The aim of our work was to develop a method of analysis that uses RP-HPLC that is suitable for separation of TAGs in complex edible oils based on precolumn derivatization with a Br2/CCl4 (1:1, v/v) solution to promote the addition reaction of Br2with C=C in unsaturated TAGs. Meanwhile, NMR, FT-ICR-MS, and LC-MS were used to verify the derivatization. The results showed that more types of TAGs could be separated after derivatization. This method was applied to analyze the TAG composition of 20 types of edible oils.
Experimental

Reagents and chemicals
HPLC-grade methanol and n-hexane were purchased from Adamas (Shanghai, China). CDCl3 was purchased from Ourchem Chemical Reagent Co., Ltd. (Shanghai, China). Br2 and CCl4, which were of analytical reagent grade, were obtained from Hushi Chemical Reagent and Analysis Instrument Co. Ltd. (Shanghai, China). Triolein (OOO, C18:1) was supplied by Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). All vegetable oils were purchased from local supermarkets, whereas the oils were made from animal sources (chicken fat, lamb fat, and lard).
Apparatus
An Agilent 1260 Infinity Series HPLC system (Agilent Technologies, USA) equipped with a G13118 pump, a G1367E autosampler, and a G1316A thermostatically controlled column compartment was used.
An AVANCE III 500M NMR spectrometer (Bruker, Billerica, MA, USA) was used. Also, an LCMS-2020 single quadrupole liquid chromatography mass spectrometer (Shimadzu Corp., Kyoto, Japan) with degasser, an LC-30AD pump, a CTO-30A thermostatted column compartment, a SIT-30AC automatic sampler, and a SPD-M20A diode array detector was used.
A solariX 70T Fourier transform-ion cyclotron resonancemass spectrometer (FT-ICR-MS) (Bruker) was used to obtain ultra-high resolution spectra.
Sample preparation and derivatization procedures
Oil samples were dissolved in n-hexane to a concentration of 5 mg/mL. Then, 5 μL of Br2-CCl4 (1:1, v/v) solution was added to 1 mL of the sample solution so that a reaction occurred at room temperature (26 to 27 C) in the absence of light for 3 h before injection into the HPLC. Due to the toxicity of CCl4 and Br2, the solution was handled in a laboratory fume hood and enclosed in a glass bottle during the reaction.
NMR spectroscopy conditions
Next, 5 mg of sunflower oil was dissolved in 6 mL of CDCl3 in duplicate. Then, 5 μL of Br2-CCl4 (1:1, v/v) solution was added to one of the samples to initiate a derivative reaction. The other sample, i.e. the one to which nothing was added, served as the reference solution.
The 1 H-NMR experiment acquisition parameters were: spectral width, 10330.5 Hz; relaxation delay, 2 s; number of scans, 16; acquisition time, 3.17 s; and pulse width, 90 . The experiment was carried out at 295 K.
FT-ICR-MS conditions
The method in the section "Sample preparation and derivatization procedures" was used to prepare the sunflower oil. One of the samples, i.e. the one without an addition, served as the reference solution. Next, one sample was dried with nitrogen, then 1 mL of isopropanol and 1 μL of formic acid were added and mixed.
The following MS conditions were used: APCI positive mode; flow rate of sample solution, 800 μL/h; drying temperature, 180 C; corona needle current, 5000 nA; drying gas flow rate, 2 L/min; nebulizer pressure, 1.0 bar; capillary voltage, -2000 V; nebulizer temperature, 250 C.
HPLC conditions and HPLC-APCI-MS conditions
OOO was selected as the standard with which to evaluate the derivatization. First, 5 mg of triolein was dissolved in n-hexane to 5 mg/mL in duplicate. Then, 5 μL of Br2-CCl4 (1:1, v/v) solution was added to one of the samples to initiate the derivative reaction according to the section above. Another sample, without any addition, served as the reference.
The HPLC separation was carried out using a Hypersil GOLD TM C18 column (250 × 4.6 mm, 5 μm; Thermo Fischer Scientific, Waltham, MA, USA). The mobile phase was methanol-hexane (91.5:8.5, v/v). Other experimental conditions included: detection wavelength, 230 nm; column temperature, 25 C; flow rate, 1 mL/min; and injection volume, 20 μL.
The HPLC conditions were the same as those in the section "HPLC conditions". The following MS conditions were used: APCI positive mode; mass range, m/z 70 -2000; nebulizer gas flow rate, 2.5 L/min; drying gas flow rate, 5 L/min; APCI temperature, 350 C; DL temperature, 250 C; heat temperature 250 C; detector voltage, 1.05 kV.
Results and Discussion
Confirmation of the derivatization via 1 H-NMR
In the 1 H-NMR spectra of the original sunflower oil sample, there are nine identifiable signal groups between δ 0 -5.5 ppm. Figure 1A shows the spectrum of the original sunflower oil, which is in agreement with previous work by Guillén et al. 39, 40 Each signal group in the 1 H-NMR spectrum of the original sunflower oil was identified as chemical shifts in their hydrogen atoms in (1) CH2CH2CH2-CH3 (δ 0.91 ppm), (2) (CH2)n (δ 1.27 -1.32 ppm), (3) HOOC-CH2-CH2 (δ 1.63 ppm), (4) CH2-CH=CH (δ 2.05 -2.08 ppm), (5) Figure 1B shows the spectrum of the derived sunflower oil. Figure 1 also shows 
Evaluation of derivatization via analysis of triolein by HPLC
To verify whether side reactions occurred, the HPLC method was employed using the OOO standard sample. Chromatograms of the original OOO (A) and Br2-derived OOO (B) samples are shown in Fig. 2. Comparing Figs. 2A with 2B , it can be seen that the original peaks did not increase after derivatization. Moreover, the area percentage of original triolein was 90% and that of Br2-derived triolein was 93% through the integration of major peaks after 5 min, in which the difference could be ascribed to the absorbance change from C=C bonds to additional Br. It is worth noting that there are some miscellaneous peaks in Fig. 2A , which are mainly due to impurities in the standard sample, but this does not affect the results of the experiment. This result suggests that side reactions are negligible during the formation of derivatization products due to the addition of Br2 to C=C bonds in TAGs. Therefore, one can have confidence that the Br2 addition reaction to TAGs was quantitative and complete under the experimental conditions.
Evaluation of derivatization via FT-ICR-MS
To further confirm whether there was an occurrence of side reactions, the FT-ICR-MS method was employed to study the original and derived sunflower oil samples. The mass spectrum of original sunflower oil (A) and Br2-derived sunflower oil (B) are shown in Fig. S1 (Supporting Information). Comparing Figs. S1(A) with S1(B), it can be observed that the peak intensity of the addition of an odd number of bromine atoms to TAGs was very low and unidentifiable. Thus, the derivatization products were likely due to the addition of Br2 to C=C bonds in TAGs, and there were few side reactions. Meanwhile, the bromine pair disappeared altogether during the MS APCI hightemperature ionization process, which resulted in less bromineaddition triglyceride peaks.
Evaluation of the separation effect of derivative TAGs by HPLC-APCI-MS
Comparing the HPLC chromatogram of original sunflower oil (Fig. 3A) with that of Br2-derived sunflower oil (Fig. 3B ) using UV detection, the peaks of derived unsaturated TAGs in the chromatogram that appeared in the 7.5 -12.5 min retention time window were separated better than those of the original, which appears to have a double peak number.
Furthermore, it can be observed that there are more separated TAGs after derivatization by comparing the total ion chromatograms (TIC) of original sunflower oil (Fig. S2(A) in Supporting Information) with that of Br2-derived sunflower oil (Fig. S2(B) ) using LC-MS. The results indicate that the derivatization product of the Br2 addition to C=C bonds can enhance the separation selectivity of the TAGs in RP-HPLC. The peaks with a retention time less than 5 min may represent some small molecular impurities, as they cannot be detected in LC-MS using the m/z range of 70 -2000. Simultaneously, five peaks of derived TAGs whose retention times were more than 8 min, and their possible numbers of Br2 addition, were inferred from their mass spectra (see Fig. S3 in Supporting Information) considering m/z values and characteristic fragment ions. The results are shown in Table 1 . Moreover, the content of the five Br2-derivatized TAGs (LLL, LOL, OLL, PLL, OOO) was 15.8, 46.6, 28.8, 1.6, and 7.3%, respectively, determined through the integration of major peaks. The retention of derivatized TAGs was found to decrease in the experiment, along with the amount of bromine added to C=C. Also, their retention sequence was similar to their original TAGs, in which the retention was based on equivalent carbon numbers.
In conclusion, the derivatization of Br2 could improve HPLC separation selectivity of TAGs in edible oils.
Investigation of the derivative reaction conditions
All of the investigations of derivative reaction conditions were performed by HPLC using UV detection.
All derivatization reactions were carried out in the absence of light because under light, the reaction mixture would turn colorless within 30 min.
Different volumes of Br2-CCl4 (1:1, v/v) solution (1, 2, 3, 4, 5, and 6 μL) were used to investigate the effects on the derivative reaction. The results show that a low amount of Br2-CCl4 (1:1, v/v) solution, such as 1, 2, 3, or 4 μL, could lead to an incomplete Br2 addition reaction for all of the C=C bonds in the TAGs. The responsive peak intensity of each reaction product was low, and there was poor HPLC separation between peaks because the original and derived TAGs were mixed. After the amount of Br2-CCl4 (1:1, v/v) solution increased to 5 μL, the peak response of the reaction products was enhanced, and separation of the components improved. If the higher volume (6 μL) Br2-CCl4 (1:1, v/v) solution was added, no particular differences in resolution and retention were detected; only the peak intensity of Br2 increased. Therefore, the use of 5 μL Br2-CCl4 (1:1, v/v) solution was chosen as the best experimental condition.
The reactions in a constant temperature water bath (20, 25, 30, 35 , and 40 C) and room temperature (approximately 26 to 27 C) were investigated in this study. All of the reaction mixtures were injected after 3 -4 h. The stability of the reaction mixture was investigated over 12 h. The relative standard deviation (RSD) of the UV detection peak areas of LOL between 3 and 4 h were 0.55, 0.65, 1.11, 1.29, and 0.26%, while the temperatures were 20, 25, 30, and 35 C, and room temperature, respectively.
The peak area of LOL along with the time at room temperature is shown in Fig. S4 (Supporting Information) . The derived product of LOL exhibited good stability after 2 h. Therefore, a derivatization time of approximately 3 -4 h was chosen.
The lower reaction temperature resulted in better stability of the reaction. The average peak area of LOL changed with reaction temperature in approximately 3 -4 h as shown in Fig. S5 (Supporting Information), in which peak areas were approximately 2200 and were almost unchanged between 25 and 30 C. When the reaction temperature was 40 C, the RSD of the peak area for LOL was more than 3%. Therefore, derivatization at room temperature was chosen for this study. 
HPLC experimental conditions
Sunflower oil was selected to investigate the HPLC experimental conditions for the separation of TAGs in terms of elution phase composition, type of elution, flow rate, and column temperature.
Excessively high column pressure occurred at a flow rate of 1.2 mL/min. A longer analytical time was needed if using a flow rate of 0.8 mL/min; therefore, 1.0 mL/min was selected because it produced a moderate column pressure.
The composition of the mobile phase is an important chromatographic factor that impacts the separation of TAGs. Based on Nagy et al., 41 The effect of varying the proportion of solvent B in the range of 50 -90% under isocratic conditions on the separation was investigated. The results showed that with increasing the solvent B proportion, the elution became faster, and the peak width became narrower. However, when the ratio of solvent B reached 80%, the change in resolution was not clear.
Then, three different gradient conditions were investigated. However, the results indicated that gradient conditions had little effect on the resolution. Ultimately, 15%A + 85%B, which was the same as methanol-hexane (91.5:8.5, v/v), was used under isocratic conditions in this work.
Column temperature (15 -40 C) was also investigated. A better resolution but longer analysis time was obtained at 15 C. Therefore, 25 C was used as the column temperature in this work due to its available separation and analytical time.
Investigation of repeatability
Six parallel test solutions were prepared according to the method described in the section "Sample preparation and derivatization procedures". The TAG analysis was performed as described in the above section "HPLC experimental conditions" after the oil sample was derived for 3 h at room temperature. The results showed that the relative content (area percentage), peak area, and retention time variabilities of LOL, expressed in relative standard deviation (RSD%), were no more than 0.36, 2.73, and 0.20%, respectively. The same operation was carried out for the other four peaks, and the relative content (area percentage) variabilities of LLL, OOL, PLL, and LOL, expressed in RSD% were no more than 2.83, 1.45, 6.92, and 1.88%, respectively. The area RSD% were 4.9, 1.57, 7.69, and 3.17%, respectively. The retention time RSD% were 0.21, 0.18, 0.17, and 0.16%, respectively. Since not all of the peaks were completely separated, there may have been an integral error. All these data indicated that the repeatability of this method is acceptable. Figure 4 shows the chromatograms of corn oil from five different manufacturers, which all show a similar unsaturated TAG profile. Figure S6 (Supporting Information) shows the chromatograms of sesame oil from three different manufacturers, which also present similar results. Therefore, the same type of edible oil from different manufacturers seems to have a similar unsaturated TAG profile, or similar composition relative content of unsaturated TAGs. Figure 5 shows HPLC chromatograms of derived wheat embryo oil, soybean oil, corn oil, sunflower oil, and grapeseed oil in (A), derived rice oil, peanut oil, rapeseed oil, and sesame oil in (B), and derived olive oil, lamb fat, chicken fat, lard, and blended edible oil in (C). The relative content (area percentage) of each TAG looks different in different types of edible oil.
Analysis of derived edible oils
In part (C), the relative content of TAGs with short retention times (tRs) in lamb fat is significantly lower than that in the other two animal fats: lard and chicken fat. Although the composition of TAGs in lard and chicken fat is similar, there is a different relative content of each TAG component. There is a clear difference in the TAG profile between animal fat and olive oil or other vegetable oil in Figs. 5(A) and 5(B). There are characteristic TAG profiles in rapeseed oil, olive oil, and peanut oil, which are different from other oils. The various differences in the above oils can be used to identify specific edible oils and adulterated oil after improving the HPLC separation.
The derivatization reaction and experiment
Theoretically, all of the halogens can carry out addition reactions with the C=C bonds in unsaturated fatty chains on TAGs. However, the addition reactions of F2 and Cl2 are severe and difficult to control. The addition reaction rate of I2 is slow, and it cannot be applied alone in the C=C addition reaction. In our experiment, I2 was dissolved in the CCl4 solution, added to sunflower oil, and reacted at room temperature (18 to 19 C). The mixture had not faded after three days. Then, we applied ultrasound to the solution for 2 h, and the color of the solution was still purple, i.e., unchanged. Next, the mixture was analyzed by HPLC. The chromatogram of the sample was almost unchanged and like that of the original sunflower oil. Therefore, the ideal halogen addition reagent is Br2, ICl, or IBr, in which ICl and IBr are also commonly used in the C=C addition reaction. However, they are not available commercially and must be obtained by reaction. Also, whether using ICl and IBr as derivatization reagents could obtain better TAG separation selectivity needs further study. Another problem is that the difference between iodine (I) and another atom (Cl or Br) may produce a more complex TAG reaction adduct, which could make HPLC separation more difficult. In this work, the use of the Br2-CCl4 (1:1, v/v) solution as the derivatization reagent simplifies the operation and improves the separation selectivity of TAGs in edible oils.
It must be noted that avoiding side reactions in the experimental process is still important. In our experiment, the reaction mixture will change to colorless within 30 min if it is exposed to light. Thus, the reaction should be kept in the dark, and its temperature must not exceed room temperature.
Conclusions
The TAGs precolumn derivatization method by the Br2 addition reaction was established and applied to analyze edible oils by RP-HPLC. The method was applied to profile TAGs in corn oils from five different manufacturers, sesame oils from three different manufacturers, nine other different types of vegetable oil, and three types of homemade animal fats. The result showed that the TAG compositions of the same types of edible oils are similar, whereas there were differences in the TAG compositions of different types of edible oils. Taken together, simple operation, rapid analysis, minimal by-products, and resultant good stability of the derived products show that the study offers a powerful technique for the TAG profiling of edible oils. The method is expected to be a powerful tool for the identification of adulterated oil.
